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Abstract

Purpose — This paper aims to design an active shock absorber scheme for use in conjunction with a passive
shock absorber to suppress the horizontal vibration of elevator cars in a smaller range and shorter time. The
developed active shock absorber will also improve the safety and comfort of passengers driving in ultra-high-
speed elevators.

Design/methodology/approach — A six-degree of freedom dynamic model is established according to the
position and condition of the car. Then the active shock absorber and disturbance compensation-based
adaptive control scheme are designed and simulated in MATLAB/Simulink. The results are analysed and
compared with the traditional shock absorber.

Findings — The results show that, compared with traditional spring-based passive damping systems, the
designed active shock absorber can reduce vibration displacement by 60%, peak acceleration by 50% and
oscillation time by 2/3 and is more robust to different spring stiffness, damping coefficient and load.
Originality/value — The developed active shock absorber and its control algorithm can significantly reduce
vibration amplitude and converged time. It can also adjust the damping strength according to the actual load of
the elevator car, which is more suitable for high-speed elevators.

Keywords Modelling and simulation, Elevator, Vibration suppression, Active shock absorber

Paper type Research paper

1. Introduction
For high-speed elevators, safety and ride comfort are important considerations for modern,
high-quality elevators. However, increasing the lifting speed can bring about serious
vibration problems, making passengers feel uncomfortable and physiologically fatigued,
thus reducing the comfort of passengers and even affecting the service life of the lift as well as
the safety of passengers travelling on the lift (Wang ef al, 2021; Yang et al, 2014). Previous
research results show that when the lift speed exceeds 3 m/s, the transverse vibration
acceleration of the lift car will be significantly greater than that of the low-speed lift (Zhang
et al., 2019b). Therefore, how to effectively suppress the horizontal vibration of the car
becomes one of the important technical difficulties in the field of high-speed and high-
performance lift product development (Okada et al., 1994; Utsunomiya et al., 2006). In the past
decades, a lot of research has been carried out on the horizontal vibration of high-speed
elevators.

The damping of high-speed elevators is often achieved by developing and installing shock
absorbers. Generally, the horizontal vibration of elevators occurs due to the deformation of l
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the guide rails. In practice, there are many reasons for horizontal vibration, such as uneven
guide rails, abnormal guide rollers, fluctuation of elevator running speed, passenger off-
loading and wind shaking (He ef al,, 2021). The traditional method of vibration damping is to
install a spring between the car frame and the guide shoe. This passive shock absorber
method is simple in structure, easy to implement, economical and reliable, and the effect is
satisfactory when the lifting speed is low because no external energy is required. However, as
the speed of the elevator increases, the limitations of passive damping become apparent. For
example, it is only applicable to external disturbances with constant frequency or very small
changes and can only provide a very small damping force, which makes it difficult to meet the
requirements of high-speed elevators. Therefore, the traditional passive damping method is
only adapted to the case where the external disturbance input does not change much and
cannot provide a large damping force to meet the damping requirements of high-speed
elevators (Feng ef al, 2009). In the literature, the researchers significantly reduce the
horizontal vibration of the car through a series of optimisation steps based on model analysis
by reasonably distributing the natural resonance of the elevator car and adding appropriate
damping at key points of the car structure (Sissala et al, 1985). Some other researchers
reduced horizontal vibration by improving the mechanical characteristics of the elevator
(Okada and Nishimura, 1994). In recent years, researchers modelled the dynamics of an
elevator and discussed the effect of guide wheel parameters on the car platform acceleration
and relative displacement of the guide wheel and car (Fu et al., 2005).

The above studies involve the modelling and analysis of horizontal vibration and the
study of suppression methods. These suppression techniques are mainly passive methods
that cannot cope with the increase in lifting speed. In contrast, active damping techniques
have become a new way to solve elevator vibration with their good effect and adaptability
(Noguchi et al., 2011). Typical active shock absorbers include an electromagnetic guide shoe,
an electromagnetic damper and an active hydraulic guide shoe (Funai et al, 2004; Mutoh et al.,
1999; Utsunomiya, 2001). The semi-active vibration reduction device does not directly output
the control force but controls the damping force by changing the damping value, which
results in lower energy consumption and stronger anti-interference ability (Wang et al., 2023).
The semi-active and active vibration reduction have stronger anti-interference capability and
are suitable for the high-speed elevator. Therefore, the vibration modelling and analysis of
high-speed elevators provide a basis for the study of vibration damping methods and the
development of shock absorbers. However, there are many linear or nonlinear elastic
elements in the vibration damping system of a high-speed elevator, and if the design
parameters are not selected properly, the high-speed elevator may vibrate violently. The
human perception of vibration is not only related to the intensity of vibration but also to the
frequency and direction of vibration. The traditional elevator design process has a large
degree of randomness in the selection of elastic elements in the guide system. The selection is
mainly based on the size of the rolling guide shoe, the width of the wheel and the width of the
guide rail. In the literature, the researchers proposed an active damping control method for
ultra-high-speed elevators that suppresses vibration by generating the magnetic force
required for suppression only when the car frame generates vibration (Mutoh ef al, 1999).
Apart from that, some researchers have proposed a vibration suppression strategy that uses
car acceleration feedback compensation to improve the ride comfort of the elevator (Kang and
Sul, 2000). Another study proposed a new control device to suppress horizontal vibration in
an elevator car (Nakano ef al., 2011). The device consists of two rotating motors with eccentric
masses that reduce vibration without generating unwanted vertical vibration. In a recent
study, researchers established a horizontal vibration dynamics model for the car of a high-
speed elevator by considering the relationship between the lateral force and overturning
moment and the horizontal displacement, the deflection angular displacement and the rated
velocity (Liu ef al, 2019).



However, installing an active control system on each guide shoe would make the shock
absorbers numerous and costly. Another problem is that it takes a long time to adjust many
parameters of the controller. The control algorithms applied in the above studies are not self-
learning for the random excitations of the car system and are slightly less effective. A study
analyses the vibration of the elevator from the guide shoe and provides a design idea that can
effectively reduce the static horizontal vibration (Utsunomiya, 2001). Another study
developed a lift car-slide-guide-coupled lateral vibration model (Guo et al., 2008). Apart from
that, some researchers derived the deterministic part and random part of the acceleration
response expression based on the ingress theory and analysed the lateral vibration
acceleration response at the observation point (Wang et al, 2017). The above studies
suppressed the horizontal vibration of high-speed elevators to a certain extent but ignored the
difference between the vibration response of the car and the car frame in the actual operation
of high-speed elevators. In addition, these did not consider the variation of system parameters
(Qiu et al, 2020). A study used operational modal analysis to identify the modal parameters of
the elevator car and then estimated the stiffness parameters of the elevator car from these
parameters (Kobayashi ef al., 2008). Some researchers developed a nonlinear model of a
rolling guide shoe and analysed the horizontal vibration response under parameter variations
and guideway unevenness (Zhang et al., 2019a; Zhang et al., 2018). In their following study, a
BP neural network-based PID controller is designed to control the horizontal vibration of a
high-speed elevator to deal with the uncertainty of external excitation in the car system
(Zhang et al, 2019b). Some researchers studied the active control strategy of horizontal
vibration suppression of high-speed elevator based on linear matrix inequality and reduced
the horizontal vibration acceleration of the car system (Cao ef al, 2020). In addition, some
studies incorporate the sky-hoop damping control strategy into the high-speed elevators
structure and adopt a sparrow search algorithm to optimise the parameters to reduce the
lateral vibration (Su et al., 2023).

Although the control algorithm can perform intelligent processing such as self-learning
and memory for random excitations, it requires a large amount of data for network training to
ensure the accuracy of the control. At the same time, due to the black-box nature of the
artificial intelligence algorithm, it is not possible to give a clear reasoning basis for its outputs
or to apply existing expert knowledge and experience. Therefore, there is a need to develop an
active electronic vibration damping device and controller with a simple structure and a good
robustness effect to control the horizontal vibration amplitude of the car within a smaller
range and to be able to eliminate the vibration quickly. It will also improve the safety and
comfort of the passengers when travelling in the ultra-high-speed elevators.

2. Mathematical model of elevator car system

In this section, the elevator car system is modelled based on structural dynamics. The
dynamic characteristics of each component in horizontal vibration are obtained from
the analytical model. The problem of elevator vibration mainly affects the comfort of the
passengers in the car when travelling. When considering the perception of human vibration
frequencies, most studies have focused on the low-frequency transverse vibration of the car.
The main factors causing transverse vibration in the car are the unevenness of the guideway
as well as curvature of the guideway surface and gaps at joints.

An operating elevator is a moving body that exists in six degree of freedom (6DOF), and its
degrees of freedom of motion can include up and down, left and right, front and rear directions
as well as parallel motion and rotation and torsion around the axis. A commonly used method
is to establish a coordinate system to build the dynamical equations with the centre of mass of
the elevator as the origin of the coordinates (Utsunomiya et al, 2006).
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The motion of the car can be decomposed into the parallel motion of the car’s centre of
mass and the rotational motion around the centre of mass, and the corresponding state
models are represented by the position and attitude equations of the car, respectively. The
parallel motion of the centre of mass of the car is represented by the displacement vector at
the origin of the linked coordinate system in the inertial coordinate system as follows:

P P v’ v

—+gats=—+gn+—-+h —ds 1

p+g1+2 p+g2+2+f+ a @)
In the inertial coordinate system, a system of translational equations is established for the
elevator car, and the kinetic equation for the position of the car can be obtained as:

(m, + Am)x = F, + AF,
(m. + Am)y = F, + AF, @
(m; + Am)z = F, + AF,

where F,, F, and F; are the control forces applied along the x, y and z axes, respectively, and
AF,, AF, and AF, are the external interference forces along the ¥, y and z axes, respectively.

The rotational dynamic characteristics of the car are described by the angular coordinates
H. The state quantities are represented by the angles a, #and 6 of the rotation of the elevator
car around the x, y and z axes of the coordinate system:

H=[a p 0] ©)
Let the angular velocity of the car relative to the centre of mass be expressed in the coordinate
system as:

w = [a)x/ @y Wy }T (4)
Establish the kinematic equations of the elevator car as follows:

cospcosd sin@ O] |a
@ = | —cosfisin® cos@ 0| |p ®)
sin g 0 1]1|e6

Since the rotation angle of the car itself is very small, it is assumed that:
sinyxy,cosy~1,wherey = a, 3,0 ©)

Then the following equation can be obtained:

q 1 -6 0 Wy
pl=16 1 0f|ay @)
0 g g 1||ws

Remove the quadratic term in the formula, the dynamic equation of the car rotation angle can
be written as:

a Wy — Oy
p| = |00+ oy ®
0 pw,y + oy




According to rigid body dynamics, the motion of the rigid body around the centre of gravity
can be expressed by Euler’s equation. Therefore, the dynamic model of the rotation of the car
can be written as follows in the continuous coordinate system:

]x’d)x’ — (Iy/ — Iz’)wy’wz’ = Mxr + AMK’
Lywy — (I — L)wswp = My + AMy ©
]z’d)z’ — (Ix’ — Iy/)a)x/wyr = M; + AMZ’

where M, My, M, are the control moments applied along the x', ¥/, 2’ axes, respectively, and
AM,., AM,,, AM,, are the external disturbing moments along the #, ¥/, 2’ axes, respectively.
Lo =Jo +Nv Iy =]y + Ay, L = . + A, where Iy, Iy, L, are the total rotational inertia of
the car and load, J, Jy, /- are the rotational inertia of the car, A/, AJy, A are the moments of
inertia of the load.

The final differential equation expressing the dynamics of the car can be written as:

a=wy — Owy

B = 0wy + wy

0= Py + oy
by = M, -ji:x /AMx’ n L [_w ]Z,t.uy/wz/ (10)
Wy = My Z/wal + L I_y/lx, Wy Wy
Wy = M. + AM: + Lk Oy Wy

]z/ ]Z/

In the actual operation of the elevator, in addition to the conventional dynamic
characteristics, the transverse vibration of the car also includes the nonlinear response
part of the system, such as the nonlinear stiffness and damping of the rollers and springs, as
well as the positional change of the guide rails, the phenomenon of the guide shoe gap, the
change of the car load with the passenger’s movement and entry and exit and the effect of
high-speed and ultra-high-speed elevators on the airflow in the shaft. Strictly speaking, the
vibration model of the car should be a time-varying system, but these nonlinear factors will
greatly increase the complexity of the system and the difficulty of analysis. Therefore, when
modelling the lateral vibration of the car, assumptions are often made so that the system can
use a linear model to approximate the true dynamic response of the car’s motion.
To simplify the model, following assumptions are made:

(1) There is a rigid connection between the car and the car frame as a single unit, and the
sum of their masses is taken as the main mass of the vibration equation;

(2) The nonlinear stiffness and damping characteristics of the transverse vibration are
simplified to a linear spring-damped system,;

(3) No gap in the guide shoe;
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Figure 1.

The dynamic
coordinate system of
the car

(4) No interference response between different guide shoes;

Based on the above assumptions, the simplified model of the dynamics of the lift car vibrating
in the horizontal direction is shown in Figure 1.

The equivalent mechanical model of the horizontal vibration of the car has five degrees of
freedom, which are the horizontal displacement x of the total weight of the car and car frame
in the X-direction, the horizontal displacement y in the Y-direction, the yaw angle a, pitch
angle g and tilting angle 0 of the car rotating around its centre of gravity. In addition to this,
the horizontal movements of the four rollers with masses of #;, ., m3 and m, along the X-
axis are &7, X, X3 and x4, and the horizontal movements along the Y-axis are 1, yo, ¥3 and yy,
respectively. According to the free-body diagram analysis, the equation of motion for the
transverse vibration of the elevator car in the X- and Y-axis directions can be deduced as
follows, respectively:

mi = k,(x + a0 — x1) + c,(£ + ad — %)) + k,(x 4 DO + %) + ¢, (& + bO + %)
+ ko(x — a0 — x3) + ¢, (5 — ab — 23) + ko(x — DO — x3) + (£ — DO — %4) (11
my = k(v — app —y1 — da) + c,(y — b — ¥, — d&t) + k,(y — b — s + da) + c,(y — af
— Yy +da) + k(v +aB — y3 — da) + ¢, + b — Y3 — dit) + k(v + bB — yu + da)
+ ¢, (9 + ap — y, + da)
12

The differential equations for the deflection, elevation and inclination angles of the car
rotating around its centre of gravity are, respectively:

Ja=kdy+da—y)+cdy+da— )+ kdy + da — y3) + c.d(y + da — ¥,)
—kd(y —da—y3) — c,dy — da — ys3) — kd(y — da — y4) — ¢, d(y — da —y,) (13)

Eo
s

Y2

Source(s): Authors’ own work
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+Rha(y+aP —ys) + cay + afp — 33) — keb(y — b —yi) — c.b(y — b —5,) (14) sSuppression of
. . _ elevator cars
JO =ka(x +ab — x1) + c.a(x + ad — x1) — kob(x — 5O — x3) — c,b(x — bO — %)
+ koa(x + a0 — x3) + ca(s + ab — %3) — kb(x — DO — x4) — c,b( — bO — %;) (15)

The differential equations for the horizontal movement of the four rollers along the X-axis
direction and Y-axis direction are:

miF = k(%1 — %) + k(%1 — x — a0) + ¢, (4 — % — ab) (16)
Moty = k(X2 — X2) + k(2 — % + bO) + (4 — % + bO) an
msis = k(23 — X3) + ko (3 — x — aB) + ¢, (43 — & — ab) (18)
My = k(24 — o) + ke (204 — x4 0O) + ¢, (24 — % + DO) (19
mgy = k(1 —ya) +kn —y — B + da) + ¢,y — Y — ap + dir) (20)
Moy = k(Yo — Ye2) + ke (V2 — ¥+ ap + da) + c. (¥, —y+aﬂ+da'c) 21
majs = ky (Vs — Vi) + ke(vs =y — app — da) + c,(js — ¥ — app — da) 22)
myy = ky(ys — Yeu) + ke(vs — ¥ + ap — da) + ¢, (v, — ¥ + ap — da) (23)

where 18 the total mass of the car and the car frame; / is the total rotational inertia of the car
and the car frame; @ and b denote the vertical distance from the centre of gravity of the car to
the centres of the guide shoe at the top and the bottom, respectively; d denotes the horizontal
distance from the centre of gravity of the car to the left and right guide shoes; %, and ¢, denote
the equivalent spring stiffness and damping, respectively; x and x, s, X3, x4 denote the
horizontal displacements of the centre of gravity of the car and the four rollers in the X-axis
direction, respectively; y and y1, ¥s, ¥3, ¥4 denote the horizontal displacements of the centre of
mass of the car and the four rollers in the Y-axis direction, respectively; x,1, X9, X3, X4 denote
the relative displacements of the guideway in the X-axis direction to the four rollers,
respectively. v, Ve, Vi3, Ve T€present the relative displacement excitation of the guideway in
the Y-axis direction for the four rollers, respectively.

3. Active damping guide shoe design

Among the possible options for an active shock absorber are hydraulic and electromagnetic
dampers. Electromagnetic dampers possess high reliability and better dynamic performance
as well as a smaller size, lighter weight and lower cost compared to hydraulic dampers (Yang
et al.,, 2017). Moreover, hydraulic/pneumatic damping solutions are costly, bulky and energy-
intensive. Electromagnetic dampers, on the other hand, have the advantage of energy
recovery in addition to good vibration damping performance (Fang ef al., 2013; Li, 2012). The
combination of a linear motor or rotary motor plus a rack and pinion is usually chosen as the
active electromagnetic damper.

Since the linear motor and passive spring damping work simultaneously, the damping
effect can be improved by hybrid electromagnetic damping. The active damping guide shoe
of the car based on electromagnetic damping method is shown in Figure 2. The red part
represents the linear motor operating in parallel with the spring passive damping, which
provides electromagnetic force f; to improve the damping effect when the car vibrates.
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Figure 2.

Car electronic vibration
reduction system
based on active
vibration reduction
equipment

Figure 3.

Control block diagram
of an active shock
absorber

X3 Xc3

a
Active damping guide shoe

Xc2 X2 Y ‘_»,,, . X4 Xca

Source(s): Authors’ own work

The current of the electromagnetic damper is regulated by a controller, which usually
executes the control algorithm through electronic devices. The electric active damping
algorithm design should take into account that when the vibration occurs, the amplitude of
the car’s vibration should be reduced quickly so that it can converge to 0 in the shortest
possible time. Based on this, this paper uses the PD control to regulate the stress generated by
the active shock absorber to eliminate the car’s vibration quickly. The control block diagram
of the active damping system of the car elevator is shown in Figure 3.

The control obtains the rate of change dx of the lateral vibration of the car from the sensors
and calculates the optimum stress to be compensated by the PD controller. As a passive
damper based on a conventional spring mechanism is also used, the amount of disturbance
needs to be compensated out of the calculated optimum compensating stress and the
resulting difference is sent to the current management of the linear motor to regulate the
motor output electromagnetically f, which assists the car to reduce the transverse vibration to
0 as soon as possible.

ST x
dx || D - Car

! | Controller

I + dx

I Disturbance

Compensator

damping

Source(s): Authors’ own work



4. Results and discussion

4.1 Simulation result of car vibration

In order to further analyse the dynamic process of lateral vibration of the car, the
mathematical model of car vibration was simulated using simulation software, MATLAB/
Simulink. The simulation software was used to build a mathematical model of the 6DOF car
dynamics and to simulate its vibration state under different environments and excitations.
The model parameters of the car in simulation are set as shown in Table 1. The method of
analysing the impulse response is chosen to verify the dynamic response of the car vibration,
1.e. to give an impulse excitation to a single guide shoe, both in the X-axis direction and in the
Y-axis direction, and to observe the vibration response of the car in the time domain at the
subsequent time after the guide shoe has been excited by the impulse.

As can be seen from Figure 4, after the guide shoe is excited by a pulse with an amplitude
of 1 cm in the X-axis direction, the car starts to vibrate greatly at its intrinsic frequency of
about 1 Hz, with the maximum displacement of the car in the X-axis direction of 5.5 mm and
the maximum tilting angle of the car of about 0.002°. When the impulse excitation of the guide
shoe ends, the amplitude of the car vibration gradually converges to 0 under the effect of
spring stiffness and damping, and the damping time is about 20 s under the original damping
system. As the guide shoe is only excited by impulses in the X-axis direction in this test, the
displacement of the car in the Y-axis direction as well as the yaw and pitch angles of the car
rotation remain unchanged.

In order to verify the vibration response of the car after the guide shoe is excited by a pulse
in the Y-direction, Figure 5 shows the vibration response of the car after the guide shoe is
excited by a pulse with an amplitude of 1 cm in the Y-direction. Similar to the response of the
car after the pulse excitation in the X-axis direction, the maximum horizontal displacement of
the car in the Y-direction after the pulse excitation in the Y-axis direction is about 12 mm and
converges to 0 after 20 s. However, due to the influence of the position of the guide shoe, there
is a big difference in the vibration response of the car’s yaw and pitch angles. The car pitch
angle converges to 0 in only 5 s under the same boot impulse excitation, whereas the car yaw
angle takes much longer to converge to 0, in this case after about 30 s. Similarly, since the boot
excitation in this case occurs only in the Y-axis direction, the X-direction displacement as well
as the car tilting angle are kept constant.

In order to investigate the interaction between the horizontal vibrations of the car in the
X-and Y-axis directions, the same guide shoe is excited by an impulse in both the X- and the
Y-axis directions, and the overall vibration response of the car is shown in Figure 6.
Comparing Figure 6 with Figures 4 and 5, it can be seen that there is no significant difference
between the horizontal vibration of the car in the X-axis direction only and the impulsive
vibration occurring in both the X- and Y-axis directions at the same time. It can therefore be

Parameters Symbol Value Unit
Car mass m 2,384 kg

Car moment of inertia J 7,048 kg-m?
Distance from centre of gravity to top of the car a 2.5 m
Distance from centre of gravity to bottom of the car b 2.1 m
Distance from centre of gravity to side of the car d 15 m
Equivalent spring stiffness k, 4% 10? N/m
Equivalent damping coefficient C 4% 10° N.s/m
Mass of guide wheel My~ My 5 kg

Source(s): Authors’ own work
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Figure 4.

The vibration response
of the car under the
excitation of a single
guide shoe in the
X-direction: (a) guide
wheel excitation, (b)
yaw angle, (c) tilting
angle, (d) pitch angle,
(e) displacement in the
X-direction and (f)
displacement in the
Y-direction
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determined that the vibration responses of the car in the X- and Y-axis directions are
orthogonal and can be analysed independently. Therefore, it is possible to analyse the X-axis
and Y-axis vibrations independently of each other without having to design a damping
scheme for the interaction between these two.

4.2 Car vibration analysis

The vibration response of the car is related to the stiffness and damping coefficient of the
active damping system. Also, different passenger loads have a significant effect on the
response to the car vibration. Figure 7 illustrates the maximum displacement in the X- and
Y-axis directions of a car with a common vibration damping system for different loads in
relation to stiffness. As shown in Figure 7 (a), the blue line in the figure indicates the
maximum displacement in the X-axis direction of the car vibrating under impulse-guided
shoe excitation versus the stiffness when the elevator is not loaded. When the stiffness of the
damping system is 5 X 10* N/m, the maximum displacement of the car in X-direction is the
smallest, which is about 5 mm; when the stiffness of the damping system increases or
decreases, the maximum displacement of the car in X-direction increases under the same
impulse excitation, and it reaches the highest value of about 7.5 mm, which is 50% more than

the minimum value when the stiffness is 1 X 10* N/m or 9 X 10* N/m. The maximum
displacement of the car is about 7.5 mm, which is 50% higher than the minimum value.
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In addition to the maximum displacement, the vibration response metrics of the car in the
X-direction include the X-direction acceleration and accumulated displacement, as shown in
Figure 7 (c) and (e). As can be seen from the results in the figure, the X-direction acceleration
increases with the increase in stiffness and decreases with the increase in load, indicating that
the greater the stiffness, the greater the lateral thrust felt by the passengers under the
horizontal excitation of the guide shoe. The X-direction accumulated displacement represents
the overall period of the vibration. It can be seen that the trend of change is similar to that of
the maximum displacement. It can be seen that the trend is similar to the maximum
displacement, with smaller accumulated displacements for small loads and larger
accumulated displacements for large loads at lower stiffnesses and vice versa.

Under the excitation of the guide wheel in the Y-direction, the maximum displacement,
acceleration and accumulated displacement of the car in the Y-direction with respect to the
stiffness and load are shown in Figure 7 (b), (d) and (f), respectively.

In addition to the elastic stiffness, the damping coefficient of the damping system also has
a great influence on the car’s vibration response. The same as stiffness, the maximum
displacement, acceleration and accumulated displacement of the car in the X- and
Y-directions with respect to the damping coefficient and load under the same excitation
are shown in Figure 8. It can be seen that when the damping coefficient increases, the
displacement and acceleration of the car decrease significantly. At the same time, when the
load is increased, the maximum displacement and accumulated displacement of the car rise
significantly, but the acceleration decreases significantly.
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Figure 5.

Car vibration response
under Y-direction
excitation of single
guide shoe: (a) guide
wheel excitation,

(b) car deflection, (c) car
inclination, (d) car
elevation,

(e) displacement in the
X-direction and

(f) displacement in the
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Figure 6.

The vibration response
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displacement in the
X-direction and (f)
displacement in the
Y-direction
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4.3 Comparison of traditional and active shock absorbers

In this section, the performance of the developed active shock absorber and its vibration
control algorithm is simulated and compared with the traditional vibration damping system.
The two main modes, step response and impulse response, of the guide shoe excitation are
verified. The results are shown in Figures 9 and 10, respectively.

‘When the guide shoe is subjected to step excitation, there is a significant displacement of
the car in both X- and Y-directions. For the X-direction displacement, the car vibration of the
active shock absorber converges and reaches a steady state faster than the traditional
passive damping system, reducing the horizontal vibrating period by more than 2/3. For
displacements in the Y-direction, the vibration amplitude of the actively damped car is
significantly reduced, in addition to halving the maximum displacement. Due to the different
layout of the damping systems in the X- and Y-directions, the car deflection and elevation
angles are more difficult to converge than the car tilting angle. From the results, an active
shock absorber is less effective in suppressing car vibration in its yaw angle and pitch angle,
but very effective in suppressing car vibration in its tilting angle.

Under impulse excitation, which is equivalent to two-step excitations in a short period of
time, it has a greater impact on the vibration response of the car. After the guide shoe is
excited by the impulse, the maximum displacement of the car based on the active shock
absorber is significantly reduced in both the X- and Y-directions due to the compensation of
the active damping system. The vibration is therefore able to attenuate quickly after the
excitation. In addition to the displacement of the car, the elimination of vibration on it tilting
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angle is significantly improved. The attenuation of the yaw and pitch angles is not only
significantly improved but can also be effectively controlled.

In order to quantify the improvement of the active shock absorber, Table 2 expressed the
maximum error and integrated absolute error (IAE) of vibration suppression in terms of the
displacement of the x-axis and y-axis, yaw, tilt and pitch angle. From the table, it can be seen
that the displacement of vibration has been suppressed by 22.7 and 42.9% in maximum and
52.1 and 77.9% in IAE in the x-axis and y-axis, respectively. The rotational angles of the car
system have been reduced by 1/3 in tilt and pitch, while the yaw angle remains the same in
maximum error. From the results, it can be seen that after using an active shock absorber,
only the IAE of pitch angle has increased compared to a traditional shock absorber, while all
other vibration variables have significantly decreased.

4.4 Impact of changing car parameters on active shock absorber

When the stiffness, damping coefficient and passenger load of the car system are varying, the
vibration response of the car in the time series will be varied accordingly. In the same way as
the validation method for general vibration damping, the maximum displacement,

Figure 7.
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Figure 8.
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acceleration and accumulated displacement in the X- and Y-directions were chosen as
indicators of car vibration for the validation of the active vibration damping system. The
relationship between the displacement and the stiffness of the car with an active shock
absorber at different loads is shown in Figure 11 and the relationship with the damping
coefficient is shown in Figure 12.

Comparing Figures 7 and 11, it can be seen that, as the proposed scheme actively
compensates for the stress of the car vibration, the amplitude and duration of the car
vibration based on the active shock absorber are greatly reduced under different stiffnesses
of the damping system, which effectively improves the vibration damping performance of the
car. From the data, the maximum X-direction displacement of the car based on normal
damping is in the range of 3.5 mm-5.5 mm under the same impulse excitation, while the
maximum X-direction displacement of the car based on active damping is controlled in the
range of 2.6 mm-3.4 mm. At the same time, the acceleration in the X-direction was reduced by
more than 50% than traditional damping and the accumulated displacement was reduced by
75%-90%. The vibration control in the Y-direction was not as effective as the damping in the
X-direction, with the maximum displacement and acceleration reduced by about 20%. The
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accumulated displacement was still reduced by more than 75%, which is a very significant
improvement in damping behaviour.

Comparison of Figures 8 and 12 shows that at different damping coefficients of the
damping system, the maximum displacement and acceleration of the X-direction of the car
based on active damping are close to those of traditional damping. But the accumulated
displacement decreases significantly and is obviously reduced significantly by the low
damping coefficient of the damping system, up to a maximum reduction of 90%. From the
Y-direction vibration damping data, the trend of vibration elimination remains the same
when the damping coefficient changes, i.e. the larger the damping coefficient, the lower
the maximum displacement, acceleration and accumulated displacement. Numerically, the
maximum displacement and acceleration in the Y-direction decreased by 40% and the
accumulated displacement decreased by 80%.

It is concluded that the vibration damping effect of the active damping scheme in the
X-direction is significantly higher than that in the Y-direction. The enhancement of the
vibration damping effect is better under low damping coefficients than under high damping.
At the same time, the most suitable stiffness and damping coefficient of the vibration
damping system can be determined according to the design load of the elevator and the
comfort level, which can maximise the vibration damping performance of the active shock
absorber and contribute to the high-end development of elevator products.
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Figure 9.
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5. Conclusion

In this paper, an active shock absorber and its control system are designed to suppress the
horizontal vibration of high-speed elevators. Firstly, based on the motion equation, a 6DOF
dynamic model was established according to the position and condition of the car system.
Then the scheme based on the traditional passive damping shock absorber is tested and
analysed. The amplitude and convergence speed of the lateral displacement and angle
changes of the car system under the same excitation were compared between traditional and
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active shock absorbers. The results show that the designed active shock absorber can
maintain the vibration amplitude within a smaller range, reducing the vibration range of the
car by 60% and acceleration by 50% in the X-direction and by 20% in the Y-direction.
Meanwhile, compared with traditional damping schemes, the active shock absorber can also
eliminate vibration faster, reducing horizontal vibration time by more than 2/3. Even if the
active shock absorber is only used at one of the four positions where the elevator guide shoe is
located, it can still control the horizontal vibration amplitude of the elevator car within a
smaller range. At last, this paper tested the car’s vibration under different loads, stiffness and
damping coefficients to verify that the active shock absorber is more robust than the
traditional shock absorber. The results verify that the active shock absorber performs better
in adaptation to the elevator’s horizontal vibration suppression effect in different scenarios
and working conditions.
The novelty of this paper has been summarized as follows:

(1) The disturbance compensation-based control scheme for the active shock absorber
has been designed to adaptively reduce the horizontal vibration of the elevator car
system.
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Figure 12.

The relationship
between the maximum
displacement of the car
and the damping
coefficient under
different loads using
active shock absorber:
(@) maximum
displacement in
X-direction, (b)
maximum
displacement in
Y-direction, (c)
acceleration in
X-direction, (d)
acceleration in
Y-direction, (e)
cumulative
displacement in
X-direction and (f)
cumulative
displacement in
Y-direction

a (m/sz)

X

1AL (m-s)

5% 10> Max displacement on X-axis
) ¢ P o =* R
= B
<5 ;,a‘
e
o
2
100 400 700 1000
Damping coefficient (N-s/m)
()
Acceleration on X-axis
0.16
—£
3 -
0.14 g -
0.12 - ,Q___‘}__.s_--e——o
e
0.1 iy =0
4 R A A A—e-Bm—A
0.08 5’$:£:-
0.06 <
100 400 700 1000
Damping coefficient (N-s/m)
(©)
Accumulated displacement on X-axis
0.07 e
il
A -—0
0.06 o -—O
A o
0.05 Vg ,ef"‘e—
‘ i 0
ol E—27 PO e G
X g-—-e-—-*’"_a—-‘ﬂ"’&
——f
0.03
100 400 700 1000
Damping coefficient (N-s/m)
(e)

—-8-—Load = 0Okg —-9-— Load =400kg

Source(s): Authors’ own work

5 X 10~ Max displacement on Y-axis
8 &*\ §:%=
N, ’Q\ NI
- R R
=75 DN S
b B, 9-. N -
- ~ O ~
a7 LN e
RN by S )
B RS
6.5 “E\“’\o
B
6
100 400 700 1000
Damping coefficient (N-s/m)
- Acceleration on Y-axis
. o
i - N
~ 025 G's.e iE\“E‘~~
< = -
B '0~.~0__ B———p
E o2p o D . Y
<" A--z::g“ﬂ--—e--_ .
0.15 R G oy S )
0.1
100 400 700 1000
Damping coefficient (N-s/m)
(@
Accumulated displacement on Y-axis
0.5
A
0.4 ‘\:\A
0 ANy
g 03 N R SNg T
& SR
- N~ o
R RS RS SR S = .
0.1 S

200 400 600 800 1000 120
Damping coefficient (N-s/m)

®

Load =800kg —-6-—Load=1200kg —-#-— Load = 1600kg

(2) The design of the active shock absorber is to add an active damping device on the
basis of traditional passive damping systems, which is not only easier to implement
but also does not affect the original damping design.

®)

Equip an active damping device only in one of the four guide shoe positions to verify

whether good car vibration suppression performance can be achieved while saving
costs by using fewer active shock absorbers in the elevator car system.
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